We investigate the energies and wavefunctions of a structure consisting of one small cubic box centered on top of another larger with a uniform potential inside. This model is a representation of a quantum pillar on a substrate, a nanostructure with potential device applications. We find that the eigenstates are localized in one or the other of the boxes. Those in the large box are very well localized while those in the small are moderately so. Their energy and localization are studied with respect to the ratio of sides of the two boxes and compared with the results obtained with the small box closed by all sides.
INTRODUCTION
Quantum Pillars, i.e., arrays of nanometer boxes deposited on a substrate of the same material as the pillars, have been produced in the laboratory using both Si and GaAs [1] , [2] . Their size ranges from 500 (width) 800 (height) in GaAs to 50/ (width) lain (height) in Si [2] . All of them have interesting optical properties with potential device applications [1] , [3] . The Si pillars, in particular, exhibit visible luminescence at 620 rim, which is very similar to the one observed in porous Si, thus enhancing the view that this phenomenon is a quantum size effect and is not related to some surface defect or impurity complex [3] , [4] . *Corresponding author.
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I. TIGELIS and J. XANTHAKIS A theoretical question that needs to be answered before Effective Mass Theory (EMT) or even a supercell calculation can be applied to this Si system [5] , is whether the pillars can be dissociated from the substrate, given that the bottom of the pillars is in contact with a "sink" of Bloch states, the substrate. To put it in simpler terms, given that the particles in the nanometer boxes are localized in "2 1/2" dimensions (D), can one be sure that they are localized in 3D. A similar but more complex problem arises with the structure of porous Si [3] .
The purpose of this paper is to answer this question. We will examine both the degree of localization inside the boxes and the movement of the corresponding energy levels with respect to the size of the boxes. Finally, tentative comparisons will be made with the predictions of EMT for a pillar confined at both ends.
THEORY
It should be obvious from the discussion of the previous section that the determining factor in the modulation of the electronic structure of quantum pillars is the smallness of the size involved. Therefore, as a first attempt, we may put the potential everywhere constant--since the pillar and the substrate are of the same material--and use the free electron model to simulate the conduction (or valence) band of the system. Orthogonal symmetry is used for convenience. Furthermore, since the pillars are quite separated from one another, we consider only one pillar centered on top of its corresponding portion of substrate. This structure is shown in Figure 1 .
The general prescription for solving such problems is well known. One expands in terms of the particular solutions in each subspace--the pillar and the substrate--and by matching the solution at the interface one obtains an algebraic equation that gives the eigenvalues and then the eigenvectors.
Shroedinger In cartesian coordinates, this is separable and therefore any particular solution of (1) must be of a product form. It is not very difficult to deduce that the general solution, which has zero value at the outer boundaries, is (see Fig. 1 for notation)
xIY(x, y, Z) E E Amn sin K m=l n=l (2) where and degree of localization increases monotonically with x and takes large values at small x. It is hard to see that this trend will not continue at much higher x.
In Figure 3 , we plot the energy of the same state as a function of x together with the value that it would have if the upper box were bound by all sides. It can be seen that the two curves do not seem to converge, our values being consistently lower than those of the "particle in the box" problem or EMT for that matter. Although the percentage difference fluctuates around 20%, it represents a very small absolute value for x >> 10, see the units of Table I .
Additional information is given in Figure 4 , where we compare the charge density [q 2 of the lowest state localized in each box along the axis of symmetry (z direction) of the combined structure for two different values of x, namely x 10/3 and x 10/1. We observe that, whereas the localization of the ground state in the lower box (substrate) is almost complete (Figures 4a and 4b) , considerable spilling over into the lower box occurs in the charge density of the "ground" state of the upper box (pillar) (Figures 4c and 4d) . As the size of the pillar is reduced this charge Table I. density is gradually being emptied from the substrate, see the low z part of Figure 4d . On the other hand even at very high x, Iq[ 2 is never zero at the interface.
The above analysis allows us to draw a simple picture of electrons inside quantum pillars. The electrons are indeed localized inside the pillars provided one can think of the latter as effectively extending by a certain amount into the substrate. This amount diminishes as the pillar becomes smaller compared to the substrate and will be negligible in the experiments performed so far. Note that this result is independent of the absolute size of either the pillar or the substrate and depends solely on their ratio. Furthermore, the charge density is not evenly distributed but electrons prefer the region near the interface. The fact that the effective size of each pillar is considerably greater (for small ratio of sizes) than the geometric one may help explain why our calculated values of the energy of this state do not approach those of a particle in a box and are consistently lower. 
